A new monospecific genus of an epipelic, filamentous oscillatorean Phormidium-like cyanobacterium is established. The genus was first discovered from a pond at Fiddlers Ridge Drive, Jacksonville, Florida, USA and subsequently isolated into uni-algal strains. During the process of cultivation, a combination of morphological, ultrastructural and molecular evidence supports the erection of a novel genus. Based on apomorphies which differ from related taxa such as heap-like colony formation, ultrastructural properties and molecular uniqueness, we propose the generic epithet Ammassolinea (sand-dwelling filaments).
IntroductIon
Cyanobacteria are a group of photo-oxygenic prokaryotes present in nearly all ecosystems (WHitton & Potts 2000) . Amongst the most ancient lineages of life, cyanobacteria are often studied due to their ubiquity in aquatic habitats and prevalence in freshwater harmful algal blooms. In these cases, cyanobacteria have been shown to produce numerous secondary metabolites which can have negative impacts on associated aquatic flora and fauna (Quiblier et al. 2013) .
The vast majority of cyanobacteria studied are from planktonic or aerophytic habitats such as soils (Poulíčková et al. 2008 . While the biodiversity of cyanobacteria from these habitats is well established, even if the systematic relationships have not been resolved, there are aquatic habitats from which cyanobacterial diversity is poorly known. For example, recent investigations into epipelic habitats (e.g. Hašler & Poulíčková 2010; Hašler et al. 2012; Hašler et al. 2014) have revealed a potential wealth of novel taxa. Furthermore, tropical and subtropical regions have been woefully understudied to date.
Cyanobacteria have traditionally been identified using morphological features, although this practice has been shown to be potentially problematic due to phenotypic or culture-induced plasticity, such as commonly seen with sheaths (Casamatta et al. 2003; Casamatta et al. 2005; Perkerson et al. 2011; Dvořák et al. 2012; Hašler et al. 2012 ). The systematic relationships among the cyanobacteria are being revised by the use of molecular markers, most notable the 16S rDNA gene sequence and Internal Transcribed Spacer regions Perkerson et al. 2011; Casamatta et al. 2012; Hašler et al. 2012 Hašler et al. 2014) . These molecular approaches have facilitated an explosion of new taxa descriptions by using markers including the secondary folding structures of the ITS regions to provide the much needed phylogenetic signals to character poor or phenotypic plastic taxa. For example, many filamentous cyanobacteria lacking specialized cells (e.g. the Oscillatoriales sensu stricto), cannot necessarily be differentiated based solely on morphology. A polyphasic approach employing sequence data, ITS secondary structures, ecology, morphology and chemotaxonomy have allowed a much more robust assessment of phylogenetic relationships over the last decade (Casamatta et al. 2012; engene et al. 2013) .
The purpose of this paper is to present a novel lineage of cyanobacteria recovered from a seldom sampled epipelic habitat from a seldom sampled subtropical region. This novel lineage superficially resembles the polyphyletic genus Phormidium, and yet is genetically quite distinct. Thus, we propose the novel generic epithet Ammassolinea to represent this new clade.
MaterIals and Methods
Strain isolation. Strains were isolated from a pond at Fiddlers Ridge Drive, Jacksonville, Florida. Samples were epipelic on mixed sediment of sand and organic detritus (30°06'31.0"N, 81°42'51.7"W).
The cultures were maintained in 100 ml Erlenmeyer flasks under the following conditions: temperature 22±1 °C, illumination 20 µmol.m Morphological assessment. Morphology of the strain and natural samples were analyzed using a light microscope Zeiss AxioImager (objectives EC Plan-Neofluar 40×/1.3 N.A., oil immersion, DIC; Plan-Apochromat 100×/1.4 N.A., oil immersion, DIC). Images were taken with a high resolution camera (AxioCam HRc 13MPx). During morphological evaluation of natural samples and strains, the following characters were assessed: cell shape, terminal cell shape, cell dimensions, reproduction, sheaths, and granulation of cells. Measurements were performed on 100 cells of both natural and culture materials.
TEM sample preparation. The sample for TEM was prepared as follows: heap-like colonies of filamentous cyanobacterium were fixed with 2.5% glutaraldehyde in 0.05 M phosphate buffer (pH 7.2). Sample was washed in 0.05 M phosphate buffer (pH 7.2). Afterwards, the sample was postfixed in 1% osmium tetraoxide diluted in the same phosphate buffer for 2 hours at room temperature. Subsequently, filaments were dehydrated in a gradient of isopropanol (25-100%), and embedded in Spurr's resin. Ultrathin cross-sections (90 nm) were stained with 1% uranyl acetate and Pbcitrate and observed in Jeol JEN 1010 transmission electron microscope (electron emitter: Lanthanum Hexaboride Cathode LaB6, emission intensity: 100 kV).
PCR amplification and sequencing. Genomic DNA was extracted using an UltraClean Microbial DNA Isolation Kit (MOBIO, Carlsbad, CA, USA) from approximately 50 mg of fresh biomass and following the manufacturer's manual. DNA quality and consistence was checked on ethidium bromide stained 1.5% agarose gel. DNA was quantified using the NanoDrop 1000 (Thermo Fisher Scientific, Wilmington, DE, USA).
PCR amplification of the partial 16S rDNA and the whole 16S-23S ITS was performed using primers forward P2 (5'-GGGGAATTTTCCGCAATGGG-3'), and reverse P1 (5'-CTCTGTGTGCCTAGGTATCC-3') previously described in Boyer et al. (2002) . The PCR reaction, with a total volume of 40 µl, contained: 17 µl of sterile water, 1 µl of each primer (0.01 mM concentration), 20 µl FastStart PCR master (Roche Diagnostics GmbH, Mannheim, Germany), and 1 µl of template DNA (50 ng.μl
). PCR amplification was performed with the conditions used before in Dvořák et al. (2012) . The PCR products were cloned using a StrataClone PCR Cloning Kit (Agilent Technologies, Stratagene Product Division, La Jolla, CA, USA) following the manufacturer's instructions. After the white-blue selection on ampicillin 1.5% agarose plates with Luria Bertani medium, at least 4 positive colonies were transferred into fresh liquid LB medium, and cultured overnight at 37 °C. The plasmid was isolated using a GenElute™ Five-Minute Plasmid Miniprep Kit (Sigma-Aldrich, Co., Saint Louis, MO, USA).
Plasmids were commercially sequenced with primers M13F and M13R. Moreover, two additional internal sequencing primers were added P5 (5'-TGTACACACC-GCCCGTC-3'), and P8 (5'-AAGGAGGTGATCCAGC-CACA-3') (boyer et al. 2001, 2002) . Sequences were assembled and proofread in Sequencher 5.1 (Gene Codes Corporation, Ann Arbor, MI, USA). Sequences were deposited in GenBank (http://www.ncbi.nlm.nih.gov/), accession numbers: KM491920-KM491928.
Phylogenetic analyses.
The most similar sequences of 16S rDNA were identified using nucleotide BLAST (http://blast. ncbi.nlm.nih.gov/Blast.cgi). Multiple sequence alignment was performed in MEGA 6 (tamura et al. 2013) using Muscle algorithm (edgar 2004). All other non-identical reference sequences of Phromidium were added. The tree was rooted to a bacterial outgroup. Representative sequences of the heterocyst forming cyanobacteria Nostocales were also added. The most appropriate model for maximum likelihood analyses was determined in jModelTest 0.1.1 (Posada 2008) based on both the Bayesian and the Akaike Information Criterion as follows: General Time Reversible model with gamma distributed variation across sites. Fifty percent majority consensus tree was constructed in MrBayes 3.2.1 (ronQuist & Huelsenbeck 2003). Two separate runs were performed, each with 3 heated and 1 cold chains for 15000000 generations. The sampling frequency was each 5000 th generation. Twenty five percent of trees were discarded as burn-in. Maximum likelihood analysis was performed in RaxML 8.0.2 (stamatakis 2014) with a model predicted by model test. Rapid bootstrapping analysis was used to test the tree topology. Maximum parsimony analyses were performed in PAUP* 4.0b10 (sWofford 2001), gaps were treated as missing data. All analyses were tested using bootstrapping with 1000 replicates. Similarity matrix was computed using ClustalW 2.0 (larkin et al. 2007 ). The secondary structures of D1-D1´ helix and Box-B helix ITS regions were predicted with the Mfold web server version 3.5 (Zucker 2003) with temperature set to default (37 °C).
results

Morphology and new genus establishment
Ammassolinea gen. nov. Description: trichomes solitary or aggregated into macroscopic heap-like colonies, straight or slightly bent, more or less attenuated at the apical cells; trichomes without mucilaginous sheath, not or slightly constricted at the cross-walls, motile (bending, gliding), cells shorter than wide to longer than wide and grow into original size before next division, apical cells rounded, broadly conical to conical, trichomes divide into hormogonia via the formation of necridic 
Phylogenetics
Phylogenetic trees constructed using 16S rDNA gene sequence data yielded a tree typology with an uncertain placement of Ammassolinea (Fig. 4) . The clade containing the isolates and their clones was highly supported (100%), but the placement of this clade was not well supported. All sequenced clones formed a coherent cluster with minimal differences among them. A similarity matrix constructed from all 16S rDNA clones showed 99.59-99.9% similarity. Our new isolates shared only 93.15% similarity with the closest related Blast hit (Phormidium DVL 1003c, JQ771628), which belongs to a different clade. There are another five clades that contain taxa putatively identified as "Phormidium", further illustrating the polyphyletic nature of this genus and revealing additional unrevised, polyphyletic lineages.
ITS analysis
Secondary structures of the ITS region revealed that both strains have two different operons. One operon contains both tRNAs for isoleucine and alanine and the other lacks both tRNAs. The D1-D1' helices are identical, but significant differences were found in Box B helices (Fig. 5) . The basal sequence was identical (5'-CAGCA-UGCUG-3'). Clones lacking tRNAs had only small terminal loop and now basal loop in Box B. On the other hand, clones having both tRNAs had larger terminal loop than clones lacking tRNAs. Moreover, they contained large basal loop (Fig. 5) .
dIscussIon
Cyanobacteria are exceedingly common components of freshwater ecosystems, yet certain habitats, such as epipelon or epiphyton, are rarely sampled for their cyanobacterial components. This may be due to the difficulties in collecting, identifying, and culturing these organisms, but recent investigations into epipelic samples have revealed numerous new taxa (Poulíčková et al. 2008 Hašler et al. 2012 Hašler et al. , 2014 . Further, most aquatic ecologists have been slow to appreciate the potential role that microbes in these habitats may play in the larger aquatic ecology. While we did not examine the putative ecological role that Ammassolinea may have in epipelic habitats, we do note that the morphologically similar genus Phormidium is commonly grazed upon, and thus may be of ecological importance for the invertebrate community. Moreover, these epipelic assemblages may also play a role in substrate stabilisation and create microhabitats for bacterial communities involved in nutrient transformation. Morphologically, trichomes of our new genus resemble those of Phormidium. Phormidium is the most commonly encountered stream macroalgae in North America (sHeatH & Cole 1992), but is highly polyphyletic and character poor (Casamatta et al. 2003) . Further, there are numerous cryptic taxa within this genus (Casamatta et al. 2003) . Thus, it is not surprising that Amassolinea is nearly indistinguishable morphologically from Phormidium. However, based on a range of evidence we conclude that Ammassolinea is a novel genus. The ecology (epipelic habitats from a subtropical region) is very different from other similarly described Phormidium taxa. The colony morphology of Ammassolinea (heap-like) is also different than other currently described taxa of Phormidium sensu lato. The ultrastructures of members of Phormidium are heterogeneous and do not exhibit a uniform pattern (marquarDt & Palinska 2007) among which both parietal and radial arrangements of thylakoids prevail. Thylakoids of Ammassolinea attanuata exhibit radial orientation (Fig. 3) but form wavy rather than straight strips as found in Phormidum or Microcoleus (e.g. in Phormidium cf. irriguum, Microcoleus autumnalis; lokmer 2007; strunecký et al. 2013). Longitudinal sections of Ammassolinea do not show a fasciculate thylakoid arrangement, rather they are arranged slightly diagonally throughout the whole cell. So in general, thylakoids form skew-like structures along the longitudinal cell axis. Other members of Phormidium (Ph. inundatum or Ph. tergestinum) form parietal thylakoids which are different from the orientation observed in Ammassolinea. We identified membranous stacks in the structure of Ammassolinea but we do not have any information whether this structure also occurs in Phormidium. These patterns were previously reported in Cylindrospermum sp., several chroococcalean endo- lithic species and in the genus Synechococcus (Jensen 1993). The importance of membranous stacks for cyanobacteria is not clear. Jensen (1993) suggests that these structures are important for cellular syntheses, but their role in Ammassolinea is unclear at this time.
The 16S sequence data clearly distinguishes Ammassolinea from sister taxa, sharing only 93.15% sequence similarity with its closest neighbour Phormidium DVL 1003c which clusters with Phormidium sensu stricto (strunecký et al. 2014) . Thus, it is clear that Ammassolinea is new genus clustering aside the type of Phormidium. The secondary folding patterns of the ITS are also very different from closely related taxa. The secondary folding pattern of the D1-D1' helix resembles that of other Phormidium-like taxa, such as Kamptonema strunecký et al 2014) , Microcoleus vaginatus, and Microcoleus autumnalis . It possesses a larger terminal loop and two rather small loops close to the basis of the helix. This character in particular has increasingly been employed as a stable marker for distinguishing cryptic genera Casamatta et al. 2012) . Finally, the heap-like colony morphology of Ammassolinea is distinct and different from typical Phormidium which is characteristically expanded, widely attached to the substrate, gelatinous, and mucilaginous according to komárek & anagnostiDis (2005) . Morphologically, Ammassolinea trichomes resemble Phormidium taylorii, which is also recorded from the United States, but the latter do not taper toward the apices (komárek & anagnostiDis 2005) .
Cyanobacterial species concepts are subject to much debate. Recently, a proliferation of new cyanobacterial taxa have been precipitated by the use of molecular markers coupled with an apomorphic species concept more conducive to the erection of new taxa (e.g., JoHansen & Casamatta 2005). Our ecological, morphological and molecular data indicates that our isolates are sufficiently removed from any other sister taxa to warrant the erection of a new genus. The subtropical habitat of isolation represents a depauperate area in terms of its ecological and information.
While some may be reluctant to erect a new genus without a clear morphological distinction (at the trichome level), there are several reasons that this is acceptable. Firstly, recent works dealing with tropical marine cyanobacteria have revealed numerous new genera which share morphological similarity with "Lyngbya", but posesswidely divergent chemotaxonomic and genetic (16S rDNA) markers (engene et al. 2012, 2013) . Secondly, geno-genera (those units erected based on genetic signatures without a corresponding morphological character) may harbor environmentally or culturally induced morphological differentiation currently not realized. For example, the recently erected genus Nodosilinea was originally described as a "Leptolyngbya" but with inducible formation of nodules on the trichomes at low light levels (li & brand 2007) . This genus was at first a geno-genus, with a fortuitous morphological apomorphy subsequently discovered (Perkerson et al. 2011 ). Lastly, morphological similarity may mask ecological divergence. As a whole, cyanobacteria are intimately tied to convergent evolution constrained by simple bacterial morphology. For example, the ubiquitous Synechococcus has been described in marine and freshwaters throughout the world. However, recent inversions have shown that this genus contains numerous lineages (at least seven new genera) masked by lack of morphological evidence . 
